CYP3A5 is a cytochrome P450 protein that functions in the liver metabolism of many carcinogens and cancer drugs. However, it has not been thought to directly affect cancer progression. In this study, we challenge this perspective by demonstrating that CYP3A5 is downregulated in many hepatocellular carcinomas (HCC), where it has an important role as a tumor suppressor that antagonizes the malignant phenotype. CYP3A5 was downregulated in multiple cohorts of human HCC examined. Lower CYP3A5 levels were associated with more aggressive vascular invasion, poor differentiation, shorter time to disease recurrence after treatment, and worse overall patient survival. Mechanistic investigations showed that CYP3A5 overexpression limited MMP2/9 function and suppressed HCC migration and invasion in vitro and in vivo by inhibiting AKT signaling. Notably, AKT phosphorylation at Ser473 was inhibited in CYP3A5-overexpressing HCC cells, an event requiring mTORC2 but not Rictor/mTOR complex formation. CYP3A5-induced ROS accumulation was found to be a critical upstream regulator of mTORC2 activity, consistent with evidence of reduced GSH redox activity in most clinical HCC specimens with reduced metastatic capacity. Taken together, our results defined CYP3A5 as a suppressor of HCC pathogenesis and metastasis with potential utility a prognostic biomarker. Cancer Res; 75(7); 1470-81. Ó2015 AACR.
Introduction
The cytochrome P450s (P450) are involved in the response to cancer treatment and the initiation and promotion of tumorigenesis (1, 2) . CYP3A are the main members of P450s that contribute to drug metabolism and metabolize a variety of endogenous substrates. CYP3A4 is the most abundant of CYP3A isoforms in human livers and the major enzyme involved in xenobiotic metabolism that can activate several procarcinogens and also has critical roles in the metabolism of various anticancer drugs upon chemotherapy (3, 4) . Moreover, CYP3A4 is reported to have a positive correlation with malignant hepatocellular carcinoma (HCC) characteristics and facilitates proliferation of cancer cells in vitro (5-7). In comparison, CYP3A5, the best investigated of the minor CYP3A isoforms, is also involved in the metabolism of drugs, exogenous carcinogens, and endogenous molecules (8) . The human CYP3A5 gene is located on chromosome 7q21.1 and spans approximately 32 kb in length within the CYP3A gene cluster (9) . Recently, most studies about CYP3A5 have addressed the relationship of CYP3A5 SNP (or genotype) polymorphism and cancer risk or drug metabolism (8, 10) . So far, at least 34 SNPs of the CYP3A5 gene have been identified (11) . Among them, the most frequent and functional polymorphism is the A to G transition in intron 3 at position 6986 (CYP3A5 Ã 3, rs776746 A>G), which is associated with CYP3A5 protein production and enzyme activity (11) . Until now, the potential role of CYP3A5 in HCC metastasis and invasion remains largely unknown.
In the current study, we focused on the physiologic functions of CYP3A5 on tumor progression rather than its epidemiologicrelated consequences. Contrary to CYP3A4 (5, 7) , the aberrantly decreased expression of CYP3A5 in HCC and a negative association between CYP3A5 expression and malignant HCC characteristics were observed in a large HCC cohort. More, exogenous expression of CYP3A5 dramatically suppressed HCC migration and invasion through inhibiting ROS/mTORC2/p-AKT (S473) signaling.
Materials and Methods

Immunohistochemistry and tissue microarray analysis
This study was approved by the Eastern Hepatobiliary Surgery Hospital Research Ethics Committee. The detailed information of each patient was obtained from hospital charts and referring physicians. Immunohistochemistry of HCC tissue microarray slides was performed using the respective antibodies. Briefly, the slides were probed with primary antibodies specific for the CYP3A5 protein. Anti-rabbit horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) were applied. Finally, diaminobenzidine (DAB) colorimetric reagent solution from Dako was used and followed by hematoxylin counterstaining (Sigma). Reading of the HCC tissue microarray was performed by scanning the slides with an Aperio ScanScope GL, and the Aperio ImageScope software (Aperio Technologies) was used to assess the scanned images based on the percentage of positively stained cells and the staining intensity. Expression levels of CYP3A5 in all tissue samples were quantified, and the CYP3A5 expression level between each pair tumor/peri-tumor was compared.
In vitro cell behavior assays
For the migration and invasion assays, Transwell filter chambers (Costar) and BioCoat Matrigel invasion chambers (BD Biosciences) were used according to the manufacturer's instructions. Six random microscopic fields were counted per field for each group, and these experiments were repeated at least three times independently. Cell adhesion assays were performed using the CytoSelect 48-Well Cell Adhesion Assay Kit (fibronectincoated) according to the manufacturer's instructions (CellBiolabs). For the cell proliferation assays, SMMC-7721-CYP3A5, HCC-LM3-CYP3A5 and control cells (1 Â 10 3 /well) were seeded in 100 mL of growth medium in 96-well plates for various time periods. Cell proliferation was evaluated by measuring cell viability with the CCK-8 assay (Dojindo Laboratories) according to the manufacturer's instructions.
Zymograph assay
Protein was collected from SMMC-7721 and HCC-LM3 cells and processed. Total protein for each sample (15 mg) was electrophoresed on 10% SDS-PAGE gel containing 0.1% gelatin under nonreducing conditions. Gelatin zymography was performed using a MMP Zymography Assay Kit (Applygen Technologies Inc.) according to the manufacturer's protocol. Gelatinolytic bands were observed as clear zones against the blue background and the image intensity was estimated using the Scnlmage Software.
The conduction of multivariate correlation
Kaplan-Meier analysis was used to assess survival. Log-rank tests were used to compare patient survival between subgroups. Multivariate analyses were performed using the Cox multivariate proportional hazard regression model in a stepwise manner (forward, likelihood ratio). The data are presented as the mean AE SD unless otherwise indicated. Differences were considered to be statistically significant for P values < 0.05. For the CYP3A5 staining density analyses, the cut-off value for defining the subgroups was the median. The samples were then divided into two groups. One group was composed of samples in which the CYP3A5 expression levels were above the median value, and the other group was composed of the remaining samples. Each data set was analyzed separately.
Total phosphatidic acid assay
The total phosphatidic acid in each cell line was measured using the Total Phosphatidic Acid Assay Kit (KA1383; Abnova) according to the manufacturer's instructions. The final phosphatidic acid level in each cell line was calculated to standardize the phosphatidic acid concentration in each sample to protein concentration.
ROS detection and GSH measurement
Production of reactive oxygen species (ROS) was measured with the CellROX Deep Red Reagent Kit (Life Technologies Corporation). Briefly, cells were preincubated with the CellROX Reagent at a final concentration of 5 mmol/L for 30 minutes at 37 C. After the extracellular dye was removed, the cells were washed 3 times, and incubated with serum-free DMEM. Nuclei were counterstained with DAPI before imaging. The production of intracellular ROS was detected via confocal laser scanning microscopy (Leica). Total liver glutathione (GSH) content were determined by a commercial kit (Jiancheng) according to the manufacturer's protocol. GSH and GSSG Levels were measured using a GSH and GSSG Assay Kit (Beyotime).
mTORC2 immunoprecipitations and in vitro kinase assay
For immunoprecipitation experiments, the lysis buffer contained 0.3% CHAPS instead of 1% Triton to preserve the integrity of the mTOR complexes. Two micrograms of Rictor antibody was added to the cleared cellular lysates (1 mg of protein content in 700 mL) and incubated with rotation at 4 C for 90 minutes. After 1 hour of incubation with 40 mL of 50% slurry of protein A/G-agarose, immunoprecipitates captured by protein A/G-agarose were washed four times with CHAPS-containing lysis buffer and once with the mTORC2 kinase reaction buffer [25 mmol/L Hepes (pH 7.5), 100 mmol/L potassium acetate, and 2 mmol/L MgCl 2 ]. For in vitro mTORC2 kinase reactions, immunoprecipitates were incubated in a final volume of 15 mL at 37 C for 20 minutes in the kinase buffer containing 500 ng of inactive AKT1 and 500 mmol/L ATP. The reaction was stopped by the addition of 200 mL of ice-cold enzyme dilution buffer [20 mmol/L Mops (pH 7.0), 1 mmol/L EDTA, 0.3% CHAPS, 5% glycerol, 0.1% 2-mercaptoethanol, and bovine serum albumin (BSA; 1 mg/mL)]. After a quick spin, the supernatant was removed from the protein A/G-agarose, and a 15 mL portion was analyzed by immunoblotting for p-AKT (S473) and total AKT. The pelleted protein A/G-agarose beads were also analyzed by immunoblotting to determine the abundance of Rictor and mTOR in the immunoprecipitates.
Statistical analysis
All results were expressed as mean AE SD. Differences between the experimental and control groups were assessed by either the ANOVA or nonparametric tests, as applicable, using SPSS 17.0 (SPSS, Inc.). Survival analyses were plotted using the KaplanMeier method, and the differences between groups were analyzed using the log-rank test. P < 0.05 was considered statistically significant.
Results
CYP3A5 is frequently downregulated in HCC tissues and is negatively associated with metastatic potential
To identify the potential difference of CYP3A5 expression between HCC and adjacent normal tissues, the data from TCGA (The Cancer Genome Atlas) and GEO (Gene Expression Omnibus, GSE36763, GSE14520, GSE22058) were statistically analyzed, in which frequently downregulated expression of CYP3A5 was observed in tumor tissues in comparison with that in para-tumor tissues (Fig. 1A) . Similar results were also found in 68% (41/60) paired HCC and adjacent nontumor tissues from our own HCC tissue bank (Fig. 1B and C) , which was confirmed with Western blotting analysis in another 16 patients (Fig. 1D) . We next performed immunohistochemical (IHC) staining with a tissue microarray containing 75 pairs of HCC and nontumor tissues ( Supplementary Fig. S1A ) and elucidated that IHC scores of CYP3A5 were significantly lower in tumor tissues (Fig. 1E) . Well-differentiated HCCs showed higher CYP3A5 expression, as compared with those in poorly differentiated HCCs samples (Fig. 1F) . As shown in Supplementary Table S1 , correlation regression analysis indicated that expression of CYP3A5 was negatively correlated with several malignant characteristics, in which the mRNA levels of CYP3A5 were significantly lower than their matched tumor tissues (Fig.  1G) . Similarly, the relative lower expression of CYP3A5 was also observed in vascular invasion stable cell line CSQT-1 ( Supplementary Fig. S1B ). Together, these data indicated that CYP3A5 may play a protective role in the metastasis or invasion of HCC. 
Downregulated expression of CYP3A5 predicts poor prognosis in HCC patients
To further evaluate the significant contribution of CYP3A5 expression in the prognosis of patients with HCC, we applied another HCC tissue microarray with follow-up data containing 159 pairs of HCC and nontumor tissues ( Supplementary Fig.  S2A ). The 159 patients with HCC were divided into two groups according to the CYP3A5 expression in tumors: a high CYP3A5 expression group (n ¼ 61) and a low CYP3A5 expression group (n ¼ 98). As shown in Fig. 2A and B, patients with higher CYP3A5 expression exhibited better overall survival (OS, median OS times were 44 vs. 21 months, respectively; difference ¼ 23 months, P < 0.05) and tumor-free survival (TFS, median TFS times were 17 vs. 6 months, respectively; differences ¼ 11 months, P < 0.05). The univariate and multivariate analysis further indicated that the CYP3A5 expression level was an independent risk factor for both OS and TFS for patients with HCC ( Taken together, these data indicated that the expression level of CYP3A5 may be used as an independent factor for predicting the prognosis of HCC.
Ectopic expression of CYP3A5 ameliorates HCC migration and invasion, both in vitro and in vivo
We then used lentivirus encoding CYP3A5 to establish CYP3A5 stable cell lines with SMMC-7721 and HCCLM3 cells (named as SMMC-7721-CYP3A5 and HCCLM3-CYP3A5), which showed lower expression levels of endogenous CYP3A5 in eight HCC cell lines ( Supplementary Fig. S3A ). Transwell migration and Matrigel invasion assays revealed that exogenous expression of CYP3A5 dramatically inhibited cell migration and invasion in comparison with that of control cells (SMMC-7721-GFP, HCCLM3-GFP; Fig. 3A and B). As the adhesion capacity of tumor cells to the extracellular matrix (ECM) is a key step during tumor metastasis, we therefore performed cell adhesion assays with SMMC-7721-CYP3A5, HCCLM3-CYP3A5, and their respective control cells by using fibronectin-coated culture plate. As shown in Fig. 3C , forced expression of CYP3A5 significantly inhibited cell adhesion. In addition, cell growth analyses were also carried out by applying Cell Counting Kit-8 (CCK-8) assays and no significant differences were observed ( Supplementary Fig. S3B ).
We subsequently injected SMMC-7721-CYP3A5 and SMMC-7721-GFP cells into the lateral veins of the nude mice to verify the consequences of ectopic expression of CYP3A5 in vivo. Visual and microscopic evaluation of the metastatic growth in the lungs of the nude mice showed fewer and smaller foci in the presence of CYP3A5 ten weeks after injection (8 vs. 18 nodules per lung in SMMC-7721-CYP3A5 and control cells, respectively; Fig. 3D ). Moreover, mice injected with SMMC-7721-CYP3A5 cells had a significantly higher survival rate (CYP3A5 group vs. GFP group: 50.0% vs. 9.1%, P ¼ 0.0286, with 90 days as the cutoff; Fig. 3E ). Collectively, these results indicated that CYP3A5 is capable of manipulating aggressive and metastatic phenotype of HCC both in vitro and in vivo.
CYP3A5 induces expression of TIMP1 and TIMP2 by inhibiting AKT signaling
To investigate the underlying molecular mechanisms of the CYP3A5-mediated attenuation of HCC metastasis, we firstly identified the potential regulation of CYP3A5 on the epithelial-mesenchymal transition (EMT), which is considered to be a key process of cancer metastasis. As shown in Fig. 4A , no significant differences of EMT-related genes, such as E-cadherin, Ncadherin, vimentin, and Snail, were observed upon CYP3A5 Figure 2 . Downregulated expression of CYP3A5 predicts poor prognosis in patients with HCC. A and B, the OS and TFS for the high and low CYP3A5 expression groups were analyzed by the twosided long-rank test. C and D, a multivariate analysis of the HRs showed that the downregulation of CYP3A5 may be an independent prognostic factor for the OS and TFS rates (by the Cox multivariate proportional hazard regression model). The HRs are presented as the means (95% CI). The variables included in the multivariate analysis were selected using a univariate analysis.
expression, indicating that CYP3A5-mediated attenuation of HCC metastasis was EMT independent. MMPs are proteolytic enzymes that can degrade ECM components. Recently, certain aspects of MMPs involvement in tumor metastasis such as tumorinduced angiogenesis, tumor invasion, and establishment of metastatic foci at the secondary site have received extensive attention that resulted in an overwhelming amount of experimental and observational data in favor of critical roles of MMPs in these processes (12) . Interestingly, we observed the remarkable increase of TIMP1 and TIMP2 expression in both SMMC7721-CYP3A5 and HCCLM3-CYP3A5 cells, whereas no differences were found in the expression of MMP2, 7, or 9 (Fig. 4B) . As expected, a zymography assay further revealed that the activities of MMP2 and 9 were dramatically inhibited in CYP3A5-overexpressed cells (Fig. 4C) .
Moreover, after treatment with HGF or EGF, p-AKT was clearly inactivated in the presence of CYP3A5, whereas p-ERK, p-JNK, and p-P38 revealed no such changes ( The number of metastatic nodules in the lungs of each group was presented as the mean AE SD (bottom). E, OS curves for the two groups of nude mice injected with either SMMC-7721-GFP or SMMC-7721-CYP3A5 through the lateral tail veins (n ¼ 10). P value was calculated using the two-sided log-rank test.
S4A and S4B). To further study whether the AKT signaling pathway was necessary for CYP3A5-mediated suppression of HCC metastasis, we transiently transfected SMMC-7721 cells with fulllength CYP3A5 plasmid (pcDNA3.1-CYP3A5) and pmyr-AKT (dominant-active AKT) or pcDNA3.1-CYP3A5 alone. As shown in Fig. 4E and Supplementary Fig. S4C and S4F, we noticed that cell migration and invasion were inhibited in couple with increased expression of TIMP1 and TIMP2 in the presence of CYP3A5, whereas such changes were mostly reversed in pcDNA3.1-CYP3A5 and pmyr-AKT cotransfection group. In addition, two specific AKT inhibitors ( Supplementary Fig. S5A ), AZD5363 and MK2206, were applied to further verify whether low CYP3A5 cells are more susceptible to migration and invasion inhibition. As shown in Fig. 4G and H and Supplementary Fig. S5 , the migration and invasion capability were remarkably attenuated upon AKT inhibitor treatment in both SMMC-7721-GFP and HCCLM3-GFP cells, whereas no obvious differences were observed in SMMC-7721-CYP3A5 or HCCLM3-CYP3A5 cells. Together, these data suggest that intracellular PI3K-AKT-dependent proteolytic enzymes signaling, but not the MAPK signal A, the expression levels of E-cadherin, N-cadherin, vimentin, and Snail were compared by Western blotting analysis between the indicated cell lysates. B, TIMP1, TIMP2, MMP2, MMP7, and MMP9 expression levels were measured by Western blotting in the indicated cell lysates. C, the activities of MMP2 and MMP9 were detected by the zymography assay. The bottom histogram shows the average optical density from three repeated experiments. D, the SMMC-7721 cells were starved with serum-free DMEM overnight and exposed to HGF (40 ng/mL) for 0, 5, 15, and 30 minutes. The total expression levels and phosphorylation levels of AKT (p-AKT), ERK1/2 (p-ERK1/2), JNK1/2 (p-JNK1/2), and P38 (p-P38) were analyzed by Western blotting. E, SMMC-7721 cells were transiently transfected with a control vector (pcDNA3.1), or pcDNA-CYP3A5, or pcDNA-CYP3A5 plus pmyr-AKT. The cells were subjected to the Transwell migration assay and the Matrigel invasion assay after 24 hours of transfection. The results were plotted as the average number of migrated (left, bottom) or invasive (right, bottom) cells from six random microscopic fields ( ÃÃ , P < 0.01). Representative images are shown in Supplementary Fig. S4C . F, the relative expression levels of TIMP1 and TIMP2 were analyzed by qRT-PCR after 48 hours of transfection indicated as D ( Ã , P < 0.05; ÃÃ , P < 0.01). Three independent experiments were performed. G and H, two stable cell lines, SMMC-7721-GFP and SMMC-7721-CYP3A5, were treated with AKT inhibitors, AZD5363 (10 mmol/L) or MK-2206 (2 mmol/L), and then the capacity of cell migration (G) or invasion (H) was examined.
pathway, may play the key role in the modulation of CYP3A5-involved HCC metastasis.
CYP3A5 selectively inhibits AKT phosphorylation at Ser473 by blocking mTORC2 kinase activity
It has been documented that phosphorylations of both Thr308 and Ser473 residues contribute to the full activation of AKT (13) . Thr308 is phosphorylated by PDK1, whereas other candidates, including mTORC2, may perform the AKT phosphorylation at Ser473 (14) . We therefore examined the change of p-AKT (S473) and p-AKT (T308) in SMMC-7721-CYP3A5 and the control cells following HGF stimulation. Western blotting analysis revealed no obvious differences of p-AKT (T308) between CYP3A5 and the control cells. Importantly, the level of p-AKT (S473) triggered by HGF stimulation significantly decreased in CYP3A5-expressing cells (Fig. 5A) . Clinically, the inverse correlation between the levels of CYP3A5 and p-AKT (S473) were observed in 159 pairs of HCC specimens we previously applied (Supplementary Fig. S5E ). In addition, no changes were observed on the upstream regulators of p-AKT (T308), including P85 (regulatory subunit of PI3K), PTEN, and PDK1 between CYP3A5-overexpressing and control cells (Fig.  5B) , indicating the selective inhibition of p-AKT (S473) and mTORC2 might be necessary for CYP3A5-mediated physiologic function.
Next, we transfected synthesized siRNA specifically targeting Rictor, the indispensible component of mTORC2 (14), into SMMC-7721-GFP and SMMC-7721-CYP3A5 cell lines (Fig.  5C) , and found that silencing of Rictor abrogated the difference of p-AKT (S473) between the CYP3A5-overexpressing and control cells (Fig. 5D) . Furthermore, we evaluated the effect of mTORC2 knockdown on the metastatic phenotype of HCC cell lines by utilizing Transwell migration and Matrigel invasion assays. As expected, migration and invasion capacities of both SMMC-7721-GFP and SMMC-7721-CYP3A5 cell lines ameliorated to similar levels upon Rictor siRNA treatment (Fig.  5E and F and Supplementary Fig. S6A and S6B ). It has been reported that the complex formation of mTORC2 and mTORC2 kinase activity were responsible for the phosphorylation of AKT (S473), we therefore performed an immunoprecipitation assay using antibody against Rictor to check mTORC2 complex formation and in vitro mTORC2 kinase activity between CYP3A5-overexpressing and its control cells. Interestingly, no obvious changes were observed in the total amount of key components (mTOR and Rictor) of mTORC2 complex upon HGF stimulation; nevertheless, the in vitro mTORC2 kinase activity in SMMC-7721-CYP3A5 cells was markedly decreased (Fig. 5G) . As previous study demonstrated that phosphatidic acid was required for the stabilization of the mTORC2 complex (15), we thus attempted to assess phosphatidic acid contents in SMMC-7721-CYP3A5, HCCLM3-CYP3A5, and their counterpart control cell lines. No significant differences of phosphatidic acid levels were found between CYP3A5-overexpressing and their control cells (Supplementary Fig. S6C ), supporting the observation that the integrity of the mTORC2 complex is not responsible for CYP3A5 function.
These data revealed that CYP3A5 exerts its physiologic function through modulating mTORC2 kinase activity rather than the stability of the mTORC2 complex, which in turn results in the dephosphorylation of AKT on S473 and elevated expression of TIMPs.
CYP3A5-induced intracellular ROS enrichment is responsible for the regulation of mTORC2/p-AKT (S473) signaling
CYP3A5, a kind of mitochondrial P450 type enzymes, catalyzes central steps in steroid biosynthesis. These mono-oxygenase reactions depend on electron transfer from NADPH via FAD adrenodoxin reductase and 2Fe-2S adrenodoxin (16) (17) (18) . These systems can function as a futile NADPH oxidase, oxidizing NADPH in absence of substrate, and leak electrons via adrenodoxin and P450 to O 2 , producing superoxide and other ROS (16) (17) (18) . Here, increased level of intracellular ROS was observed in both SMMC-7721-CYP3A5 and HCCLM3-CYP3A5 cells in comparison with their counterpart control cells (Fig. 6A and B) . In addition, Supplementary Fig. S7A-S7C showed that pretreatment of CYP3A5-overexpressing cells with DPI, a potent inhibitor of flavonoid-containing enzymes such as NADPH oxidase and nitric oxide synthase, completely abolished the induction of ROS production and enhanced the level of AKT phosphorylation (S473), indicating a potential role for NADPH oxidase in CYP3A5/ROS-regulated AKT activity.
As expected, the loss of migration capacity and intracellular AKT phosphorylation in CYP3A5 stable cells was notably enhanced to the similar level in control cells upon the induction of N-acetylcysteine (NAC; Fig. 6C and D) . To further verify whether enrichment of ROS is responsible for CYP3A5-regulated mTORC2 kinase activity and AKT signaling, we firstly treated cells with 100 mmol/L H 2 O 2 , and found that both mTORC2 kinase activity and AKT phosphorylation (S473) were dramatically decreased, which were restored again followed with antioxidant treatment (Fig. 6E ). This result indicated that ROS could negatively regulate mTORC2 kinase activity in vitro. Next, CYP3A5 stable and respective control cells were pretreated with either of antioxidants (NAC or GSH) for 3 hours and stimulated with HGF. As shown in Fig. 6F , the treatment of antioxidant resulted in the restoration of mTORC2 kinase activity in CYP3A5 cells. As previously reported that mTORC2-Ribosome interaction is necessary for mTORC2-induced AKT activation (19), we examined whether the treatment of HGF may lead to the assembly of the mTORC2-ribosome complex. The immunoprecipitation assay showed the augment of Rictor or mTOR and ribosomal protein Rpl26 ( Supplementary  Fig. S7D ) with the induction of HGF. Importantly, the stability of the Rictor/Rpl26 and mTOR/Rpl26 complexes was disrupted in the presence of H 2 O 2 (Fig. 6G) . Together, with the observation that knockdown of Rpl7 decreased HGF-stimulated phosphorylation of AKT in control cells to the similar level as CYP3A5-expressing cells did ( Supplementary Fig. S7E ), these data revealed that CYP3A5-induced intracellular ROS accumulation may play the key factor for the regulation of mTORC2-ribosome interaction, mTORC2 kinase activity, and mTORC2/p-AKT (S473) signaling. As an important supporting evidence, the GSH/GSSG ratio, which are negatively correlated with ROS level (16) (17) (18) , in clinical HCC samples (n ¼ 62, 31 with microvascular invasion named as HM tissues, 31 without microvascular invasion named as LM tissues) were measured and found the remarkably lower GSH/GSSG level in the LM group (Fig. 6H) . CYP3A5 selectively inhibits AKT phosphorylation at Ser473 by blocking mTORC2 kinase activity. A and B, SMMC-7721-GFP and SMMC-7721-CYP3A5 cell lines were serum-starved overnight and then stimulated with HGF (40 ng/mL) for indicated time periods. A, the total expression of AKT (t-AKT) and phosphorylation levels of AKT, including p-AKT (S473) and p-AKT (T308), were analyzed by Western blotting. B, the major upstream regulators of p-AKT (T308) were probed by Western blotting with indicated antibodies. C, SMMC-7721-GFP and SMMC-7721-CYP3A5 cells were transfected with siRNA duplexes targeted against human Rictor (si-Rictor) or control siRNA (si-NC). Forty-eight hours after transfection, the knockdown efficiency was evaluated by the Western blotting assay. D, SMMC-7721-GFP and SMMC-7721-CYP3A5 cell lines were transfected with siRNA duplexes targeted against human Rictor (si-Rictor) or control siRNA (si-NC). The cells were serum-free starved overnight and subjected to HGF (40 ng/mL) for indicated time periods after 48 hours of transfection. The cell lysates were analyzed by Western blotting with anti-AKT, anti-AKT (S473), and anti-GAPDH antibodies. E and F, SMMC-7721-GFP and SMMC-7721-CYP3A5 cell lines were transfected with siRNA duplexes targeted against human Rictor (si-Rictor) or control siRNA (si-NC). Forty-eight hours after transfection, the indicated cell lines were subjected to the Transwell migration assay (D) and the Matrigel invasion assay (E). The results were plotted as the average number of migrated (invasive) cells from six random microscopic fields ( Ã , P < 0.05; ÃÃ , P < 0.01). Three independent experiments were performed and the similar results were obtained. G, SMMC-7721-GFP and SMMC-7721-CYP3A5 cell lines were serum-starved overnight and then exposed to HGF (40 ng/mL) for 0 and 5 minutes. The cells were lysed in CHAPS buffer and immunoprecipitations (IP) were performed using anti-Rictor antibody. In vitro mTORC2 kinase assays were performed utilizing inactive AKT1 as a substrate of anti-Rictor immunoprecipitates.
Immunoprecipitates and cell lysates were subjected to Western blotting analysis using anti-mTOR, anti-Rictor, anti-p-AKT (S473), and anti-b-Actin antibodies. Figure 6 . CYP3A5-induced intracellular ROS enrichment is responsible for the regulation of mTORC2/p-AKT (S473) signaling. A, SMMC-7721-GFP and SMMC-7721-CYP3A5 cell lines were serum-starved overnight and then exposed to HGF (40 ng/mL) for 5 minutes. Intracellular ROS levels of indicated cell lines were measured using CellROX Deep Red Reagent. The fluorescent images were captured using a confocal microscope. White arrows, the dots for ROS staining. Magnification, Â600. B, the intracellular GSH level was examined. Top, the GSH content in SMMC-7721-CYP3A5 and HCCLM3-CYP3A5 versus SMMC-7721-GFP and HCCLM3-GFP cell lines was measured with DMEM medium containing 10% FBS; we calculated the GSH level of serum-starved SMMC-7721-CYP3A5 and GFP cells in the absence or presence of HGF stimulation (bottom). Three independent experiments were performed ( Ã , P < 0.05). C, SMMC-7721-GFP and SMMC-7721-CYP3A5 cells were preconditioned with or without NAC (5 mmol/L) for 3 hours, and then subjected to Transwell migration assays. Representative images are shown (top). Magnification, Â200; The results are plotted as the average number of migrated cells from six random microscopic fields (bottom). Three independent experiments were performed ( ÃÃ , P < 0.01). D, indicated cell lines were starved with serum-free DMEM medium overnight and pretreated with the antioxidant NAC (5 mmol/L) or GSH (5 mmol/L) for 3 hours. Then the cells were exposed to HGF (40 ng/mL) for 5 minutes and lysed in CHAPS buffer. In vitro mTORC2 kinase assays and immunoprecipitations were performed using anti-Rictor antibody. E, SMMC-7721 cell lines were serum-starved overnight and pretreated with or without H2O2 (100 mmol/L) for 30 minutes before HGF ( cancerres.aacrjournals.org Downloaded from major aspects, the potential relationship of CYP3A5 polymorphism and cancer risk or drug metabolism (9) (10) (11) (21) (22) (23) (24) (25) (26) . Moreover, Tsunedomi R concluded that the expression of CYP3A5 was drastically decreased in conjunction with venous invasion and might serve as a marker of progression and molecular target for treatment of HCV-associated HCC (27) . Similar findings were also reported in some earlier articles (28, 29) . Importantly, the expression of CYP3A5 was declined from early to late hepatic cirrhosis. In our current study, CYP3A5 expression was found frequently downregulated in tumor tissues and was negatively associated with several malignant characteristics and poor prognosis in patients with HCC. Ectopic expression of CYP3A5 attenuated cell migration, invasion, and cell-ECM adhesion both in vitro and in vivo. To our knowledge, this is the first study that intensively evaluates the protective effects of CYP3A5 on HCC progression, besides its enzyme activity.
In addition, we also examined the role of CYP3A4 in HCC progression. In line with previous studies, CYP3A4 showed lower expression level in most of tumor tissues, which was significantly correlated with differentiation grade, tumor number, and TNM ( Supplementary Fig. S8A-S8C) . Because of the relative high expression level of CYP3A4 across eight HCC cell lines we used in Supplementary Fig. S3 , we explored the effect of CYP3A4 on HCC cells by using RNAi method ( Supplementary Fig. S8D ). A slightly decreased growth rate was observed in SMMC-7721-Si-CYP3A4 (P > 0.05) but not HCCLM3-Si-CYP3A4 cells in comparison with their matched control cells. Furthermore, no obvious changes of ROS accumulation, cell migration, and invasion were found between CYP3A4-knockdown and control cells (Supplementary Fig. S8E-S8G ). These data reinforced the protective effects of CYP3A5 but not CYP3A4 in regulating HCC metastasis. The primary role of CYP3A5 for ROS-attenuated AKT signaling might result from (i) the relatively saturated level of CYP3A4 in HCC cells that might weaken the effect of the RNAi assay; and (ii) a possible selective mechanism for ROS accumulation in response to CYP3A5 expression. mTOR belongs to the PI3K-related protein kinase subfamily that plays a pivotal role in the regulation of various cellular processes, including cell growth, migration, and cell metabolism (30) . mTOR consists of two distinct complexes, termed mTORC1 and mTORC2, which have slight differences in the subunit compositions (30, 31) . Specifically, mTORC1 consists of five components, mTOR, Raptor, mLST8/GbL, PRAS40, and DEPTOR (30, 31) ; mTORC2 is composed of six components, including mTOR, Rictor, mLST8/GbL, DEPTOR, PROTOR/PRR5 (proline-rich protein 5), and mSIN1 (14, 31) . Rictor controls the stability of the mTORC2 complex (14, 32) . mTORC2 is primarily activated by growth factors despite its underlying mechanism remaining largely unknown (16) . AKT is an important kinase mediating survival signaling, which is regulated by phosphorylation on Thr308 by PDK1 and on Ser473 by several other kinases, as well as mTORC2 (33) . In the current study, p-AKT (S473) was obviously inactivated in CYP3A5 stable cells; nevertheless, p-AKT (T308) presented no significant difference. The phosphorylation of AKT (S473) was strongly repressed to similar levels between CYP3A5-overexpressing and control cells in response to si-Rictor treatment. We thus speculated that CYP3A5-blocked p-AKT (S473) activity might depend on the mTORC2 activity. Consistently, there were no significant differences in metastatic phenotypes between SMMC-7721-CYP3A5 and SMMC-7721-GFP cells following Rictor silencing. Several published studies have demonstrated that downregulation of the mTORC2 kinase activity usually resulted from the dissociation of the mTORC2 complex (15, (34) (35) (36) . More importantly, the novel finding in our current study was that CYP3A5-mediated inactivation of p-AKT (S473) resulted from the inhibition of mTORC2 kinase activity, rather than disruption of the mTORC2 complex.
Although multiple endogenous and exogenous substances have been reported to be involved in regulation of mTORC2 activity (15, (33) (34) (35) (36) (37) (38) , second messengers, for instance ROS, regulating mTORC2 remains less well understood. Structural and biochemical characterization studies conducted on TOR (the yeast ortholog of mTOR) reveal that, owing to the presence of a redox-sensitive motif, the cellular stability or functionality of TOR is redox regulated (39) . Consistent with this finding, several studies demonstrated the ability of ROS to regulate the functional activity of mTORC1 (40, 41) . Of special interest is that ROS were also reported to facilitate or oppositely suppress mTORC2 activity in newly emerging evidences (42, 43) . Supporting evidence was obtained recently that ROS generation in response to a DNA alkylating agent inhibit mTORC2 activity by affecting the complex assembly (44) . It seemed that ROS were double-edged swords in the regulation of mTORC2 activity. ROS at high levels become deleterious, exhibiting pathophysiologic actions, whereas, at low levels, they may be benefit for normal physiologic actions (45) (46) (47) , which is called "ROS threshold concept" (46, 47) .
In our current study, the HCC cells benefited from exposure to CYP3A5-mediated ROS generation, and therefore exerted attenuation of metastasis. Mechanically, the ROS level in CYP3A5-overexpressing cells dramatically suppressed the mTORC2 activity, without affecting the mTOR/Rictor complex assembly. We considered that the level of CYP3A5-induced intracellular ROS was within a certain threshold value. Hydrogen peroxide (H 2 O 2 ) represents an important type of ROS and certain concentrations (5-200 mmol/L) of H 2 O 2 have been proven to induce an appropriate amount of ROS production within the ROS threshold in multiple cell lines (48) . Thus 100 mmol/L H 2 O 2 was applied in our study to simulate the elevated intracellular ROS level in HCC cells. Moreover, it seemed that supplementation of antioxidants achieved unexpected promotion instead of inhibition of metastatic phenotype in our study. Therefore, it might be harmful to supply exogenous antioxidants in the presence of CYP3A5-mediated ROS production despite their fundamental role of antioxidants in human life and health.
(Continued.) Indicated cells were exposed to the antioxidant NAC (5 mmol/L) for 3 hours before harvesting. The cells were lysed and immunoprecipitations were performed using anti-Rictor antibody. In vitro mTORC2 kinase assay containing anti-Rictor immunoprecipitates and inactive AKT1 was performed. Immunoprecipitates and cell lysates were then subjected to Western blotting and probed with the indicated antibodies. F, indicated cell lines were starved overnight and pretreated with NAC (5 mmol/L) or GSH (5 mmol/L) for 3 hours before HGF (40 ng/mL) stimulation. The cells were harvested at corresponding time point and subjected to Western blotting with indicated antibodies. G, the cells were lysed and immunoprecipitation were performed using anti-Rpl26 antibody. Cell lysates were then subjected to Western blotting and probed with the indicated antibodies. H, GSH/GSSG contents in clinical HCC samples with higher (HM, n ¼ 31) or lower (LM, n ¼ 31) metastatic capacity were measured and compared.
In the current study, our results reveal that CYP3A5 plays an important protective role in HCC metastasis, independent of the activation of carcinogens and metabolism of anticancer drugs. Forced expression of CYP3A5 in HCC cells inhibits cell migration and invasion in vitro and in vivo, at least partly via manipulating ROS/mTORC2/p-AKT (S473) signaling, which provides a potential marker for cancer prevention and treatment.
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